The effectiveness of Pb(II) ion removal from wastewater by adsorption methods has made this an ideal alternative to other expensive treatment options. This paper describes an investigation using a coir-based adsorbent (Puresorbe) for the removal of Pb(II) ions from aqueous solution. The adsorption of Pb(II) ions was studied varying parameters such as the agitation time, the metal ion concentration, the adsorbent dose, the temperature and the pH of the aqueous solution. The experimental isotherm data were analyzed using the Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and Tempkin isotherms. For a particle size of 250-500 µm at pH 3.0, the adsorption process followed second-order kinetics. The monolayer adsorption capacity at 30°C was 55.81 mg Pb(II) ion/g Puresorbe. The thermodynamic parameters showed the endothermic nature of Pb(II) ion adsorption. Desorption studies carried out using distilled water adjusted to a pH value of 2.0-7.0 suggested that the adsorption mode could be ion exchange. As the adsorbent raw material is discarded as waste during coir processing, usage of this material is expected to be economically viable.
INTRODUCTION
Lead is fairly widespread in society and is a most seriously toxic metal. The main sources of lead in food and drink arise from practices such as cooking in lead-lined or lead-glazed pots and the supply of water through lead pipes (Manahan 1994) . The toxicity of lead causes various detrimental biological effects including inhibition of the synthesis of haemoglobin and dysfunction in the kidney, reproductive system, liver, and the central and peripheral nervous system (Manahan 1994; Sitting 1985; Derelanko and Hollinger 1995) . The largest current use of lead (80%) is in the production of automotive and industrial lead acid batteries (Wernick and Themelis 1998) . The critical concentration of lead in blood is 35 µg Pb(II)/dl which is the EC recommended level. The permissible limit of lead in drinking water is 0.05 mg Pb(II)/l (Yadava et al. 1991) . The permissible level of Pb(II) ions in wastewater, as given by the Environmental Protection Agency (EPA), is 0.05 mg Pb(II)/l (Coupal and Labancette 1980) and the recommendation of the Indian Standards Institution (BIS) is 0.1 mg Pb(II)/l (BIS 1981) .
The removal of metal ions from effluents is of importance in many countries of the world, both from an environmental viewpoint and for water re-use. Processes such as coagulation and chemical precipitation (Charentanyak 1999) and slow sand filtering (Wheatley et al. 1998) , and membrane technologies (Croll 1992) and ion-exchange resins (Chiarle et al. 2000) are routinely employed to remove toxic metals from aqueous waste. However, these methods are very costly and, as a result, sorption has become one of the most popular methods for the removal of Pb(II) ions from wastewaters. Over recent years, a variety of low-cost materials have shown potential for the detoxification of metal-bearing effluents (Bailey et al. 1999) , including chitin and chitosan (Muzzarelli 1973) , wood bark (Gloaguen and Morvan 1997), crab shell (Lee et al. 1999) , spent grains (Low and Liew 2000) , tree fern (Ho et al. 2002) , canola meal (Al-Asheh and Duvnjak 1999) and cactus pulp (Carillo-Morales et al. 2001) .
The aim of the present study was to investigate the efficiency of a commercially available material, Puresorbe (an oil adsorbent), in the removal of Pb(II) ions from wastewater. Puresorbe is a coir-based adsorbent constituted mainly (ca. 70%) of coconut husk. India is the third largest producer of coconut in the world (Gopal and Gupta 2001) and coir pith is an under-utilized waste which is available in large quantities. This study describes the influence of various factors such as agitation time, dosage, temperature (35-60°C) and pH on the removal of Pb(II) ions by Puresorbe from aqueous solutions.
EXPERIMENTAL

Materials
The adsorbent used in the present study (Puresorbe) was supplied by Regent Ecotech Pvt. Ltd., India. Puresorbe is 100% biodegradable, lightweight and a fire retardant. The as-supplied material was sieved to obtain particles of uniform size, with those of particle size in the range 250-500 µm being employed in the present study. The physical and chemical characteristics of the adsorbent are summarized in Table 1. A stock solution containing1000 mg Pb(II) ion/l was prepared by dissolving Pb(II) nitrate in doubly distilled water. The required standard solutions were obtained by diluting this stock solution. The reagents used in the present study were obtained from SD Fine Chemicals and Loba Chemie. 
Methods
Batch adsorption studies
Adsorption experiments were carried out by shaking 0.1 g of adsorbent with 50 ml of Pb(II) ion solutions of various concentrations (20-80 mg/l) in a Model L orbital shaker at 190 rpm for a predetermined time. After agitation, the adsorbate and the adsorbent were separated by centrifugation and the uptake of Pb(II) ions estimated spectrophotometrically (Hitachi U-3210 instrument) using the PAR reagent (Pollard et al. 1959) . The amount adsorbed at equilibrium, q e (mg/g), was computed as follows:
(1)
where C 0 and C e are the initial and equilibrium solution concentrations (mg/l), V is the volume of the solution (l) and W is the weight of Puresorbe employed (g). The influence of the adsorbent dosage on Pb(II) ion removal was studied by agitating 50 ml of 40 mg/l and 60 mg/l Pb(II) ion solutions with different doses of the adsorbent (10-300 mg) for time periods in excess of that necessary to achieve equilibrium. The influence of pH on the adsorption capacity of Puresorbe was studied by agitating 50 ml of 40 mg/l and 60 mg/l Pb(II) ion solutions for predetermined equilibrium times with 100 mg of the adsorbent at pH values within the range 2-10. The pH value of the solution was adjusted using HCl and NaOH solutions as required.
Desorption studies
After studies of the adsorption of Pb(II) ions employing 40 mg/l solutions with 100 mg of adsorbent, the Pb(II) ion-laden adsorbent was separated out by filtration and the filtrate discarded. The adsorbent was gently washed with doubly distilled water to remove any unadsorbed Pb(II) ions entrapped between the adsorbent particles. Desorption studies were undertaken by agitating the adsorbent with 50 ml distilled water adjusted to pH values in the range 2-10 for a time greater than that necessary to achieve equilibrium. Finally, the concentration of desorbed Pb(II) ions was estimated as above.
Thermodynamic studies
The effect of temperature on the removal of Pb(II) ions was studied by agitating 50 ml of a 40 mg/l solution of Pb(II) ions at different temperatures in the range 35-60°C for different agitation times until equilibrium had been achieved. The filtrate was again analyzed for its residual Pb(II) ion concentration as described above. ( ) 0 2-7 to attain maximum values of 99.38% and 93.33% for initial Pb(II) ion concentrations of 40 mg/l and 60 mg/l, respectively. As the pH increased, the extent of Pb(II) ion removal increased to attain a maximum at a pH value of 5. Under acidic conditions, the adsorbent surface would be positively charged so that the adsorption of Pb 2+ ions and PbOH + species would not be favoured.
RESULTS AND DISCUSSION
Effect of pH on Pb(II) ion adsorption
Indeed, there would be competition between H + and Pb 2+ ions for adsorption sites, which would add to the low extent of removal. It should be noted that the final pH value was higher than the initial pH value when the latter was below a value of 5. In contrast, at higher initial pH values the final pH decreased. The Pb(II) ion starts to precipitate as Pb(OH) 2 from aqueous solution at pH values above 5. Since this complicates the adsorption removal of Pb(II) ions, the maximum adsorption occurred at pH 5. Different researchers have observed Pb(II) ion precipitation at different pH values. Thus, Bhattacharjee et al. (2004) conducted their experiments below pH 6 to avoid Pb(II) ion precipitation. Similarly, Lazaro et al. (2003) , Li et al. (2003) and Kadirvelu and Namasivayam (2000) used a pH value of 5 to avoid precipitation. In all these studies, the final pH was higher than the initial pH value with the latter decreasing as the initial metal ion concentration increased. The final corresponding pH values of the solution for an initial Pb(II) ion concentration of 40 mg/l and an initial pH of 2, 3, 4, 5, 6, 7, 8, 9 and 10 were 2.18, 3.68, 5.58, 6.24, 6.41, 7.24, 7.40, 7 .48 and 7.53, respectively, and for an initial Pb(II) ion concentration of 60 mg/l the corresponding final pH values were 2. 12, 3.67, 5.46, 5.90, 5.97, 6.88, 7.15, 7.31 and 7.43, respectively . Hence, in the present studies, since the final pH values of the solutions with initial values above pH 4 were greater than 5 and hence caused precipitation, all further experiments were conducted at initial pH values of 3.
Effect of agitation time and initial Pb(II) ion concentration on adsorption
The adsorption capacity of Puresorbe increased with increasing agitation time, with equilibrium being attained at 10, 20, 25 and 30 min for initial Pb(II) ion concentrations of 20, 40, 60 and 80 mg/l, respectively (see Figure 2 ). It will be noted that the contact time necessary for the removal of Pb(II) ions was very short, implying that Puresorbe could be used for the economic removal of Pb(II) ions from wastewater. The adsorption equilibrium value (mg/g) increased with increasing initial Pb(II) ion concentration, whereas the percentage of Pb(II) ions removed decreased from 90% to 80.63% as the initial Pb(II) ion concentration increased from 20 mg/l to 80 mg/l. The curves were smooth, simple and continuous, suggesting a monolayer coverage of Pb(II) ions on the surface of the adsorbent.
Adsorption kinetics
To analyze the mechanism of adsorption, the data were fitted to various kinetic models such as the first-order and pseudo-second-order rate expressions.
The first-order rate expression may be written as (Lagergren 1898):
( 2) where q t and q e are the amounts of Pb(II) ions (mg/g) adsorbed at time t and equilibrium, respectively, and K ads is the adsorption rate constant (1/min). A linear plot of log 10 (q e -q t ) versus t for the metal ion studied at different initial concentrations would indicate the applicability of the above equation.
In the present studies, although a linear plot was obtained the experimental value of q e was not equal to the calculated value of q e . This shows that the adsorption of Pb(II) ions onto the adsorbent did not proceed via a first-order reaction. Comparisons of the experimental data with the corresponding correlation coefficients are given in Table 2 . Namasivayam and Periasamy (1995) have reported K ads values of 5.03 × 10 -2 , 5.63 × 10 -2 and 6.02 × 10 -2 for peanut hull carbon and 1.40 × 10 -2 , 1.43 × 10 -2 and 1.5 × 10 -2 for commercially activated carbon for initial Pb(II) concentrations of 10, 15 and 20 mg/l, respectively.
The second-order kinetic model may be expressed as (Ho and McKay 1999; Ho and Chiang 2001; Chiou and Li 2002) :
( 3) where K 2 is the rate constant for second-order adsorption [g/(mg min)]. If second-order kinetics are applicable, a plot of t/q versus t should be linear, with the values of K 2 and q e being calculated from the intercept and slope of the plot. Figure 3 shows such a plot for the data obtained in the present study, indicating that the experimental data were well represented by the second-order kinetic model and thereby showing good agreement with the experimental values of q e . The correlation coefficients for second-order kinetics were greater than 0.999 for all the concentrations studied (Table 2) . A similar phenomenon has been observed for the adsorption of the dye RR 189 onto cross-linked chitosan beads (Chiou and Li 2002) , in the adsorption of the dyes BB69 and DR227 onto activated clay (Wu et al. 2001 ) and in the adsorption of AB9 onto a mixed sorbent [activated clay and activated carbon (Ho and Chiang 2001) ]. 182 D. Nityanandi and C.V. Subbhuraam/Adsorption Science & Technology Vol. 24 No. 2 2006 Kinetic plots were modelled to allow the initial adsorption coefficient, γ [1/(mg min)], to be computed (Kadirvelu et al. 2000) and the corresponding data are presented in Table 3 . The initial adsorption coefficient was calculated using the following equation:
(4) where t is the time (min), C t is the metal ion concentration at time t (mg/l), V is the volume of the solution (ml) and m is the mass of adsorbent employed (mg). A value of γ between 0 and 1 indicates the suitability of the adsorption process.
The distribution coefficient, K d , was obtained from the following equation (Galiastou et al. 2002) : (5) where r is the percentage removal of Pb(II) ions from the solution, V is the volume of the solution and m is the weight of sorbent employed. The constant K d is an expression of the ratio of the adsorbate in the solid phase to that in the liquid phase and defines the selectivity of an adsorbent towards specific molecules. A change in the V/m ratio affects the K d values and subsequently the removal of the adsorbate from wastewater. The values of K d computed in this study are listed in Table 3 .
Effect of adsorbent mass on Pb(II) ion adsorption
The effect of the mass of adsorbent on the uptake of Pb(II) ion is depicted in Figure 4 . It will be seen from the figure that a substantial increase in adsorption occurred when the adsorbent dosage was increased up to 200 mg. This may be attributed to the increase in the adsorbent surface area and the functional group content of the adsorbent. The complete removal of Pb(II) ions from 50 ml of solutions with initial Pb(II) ion concentrations of 40 mg/l or 60 mg/l, respectively, would require a maximum adsorbent concentration of 150 mg or 200 mg, respectively. 
Adsorption isotherms
The purpose of an adsorption isotherm is to relate the adsorbate concentration in the bulk solution to the amount adsorbed at the solid/solution interface. The analysis of isotherm data is important in developing an equation which accurately represents the results and which can be used for design purposes. Several isotherm equations are available. Five of these have been selected for the present work, viz. the Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Temkin and Harkins-Jura isotherms. However, the fit of the Harkins-Jura isotherm to the experimental data gave very low regression coefficients and hence its use was not pursued further.
The linear form of the Langmuir equation may be written as (Langmuir 1918):
where C e is the equilibrium concentration (mg/l), q e is the amount adsorbed at equilibrium (mg/g), Q 0 is a Langmuir constant related to the adsorption capacity (mg/g) and b is the energy of adsorption (l/mg). According equation (6), when adsorption conforms to the Langmuir equation a plot of C e /q e versus C e should be a straight line with a slope 1/Q 0 and an intercept 1/Q 0 b. The values of Q 0 and b for the adsorption of Pb(II) ions with Puresorbe were 55.81 mg/g and 0.0949 l/mg, respectively. In this case, the correlation coefficient (R 2 ) was 0.9905 indicating a very good mathematical fit. The Langmuir equation involves the assumption that intermolecular forces decrease rapidly with distance and consequently predicts the existence of a monolayer coverage of the adsorbate on the outer surface of the adsorbent. It also assumes that adsorption occurs at specific homogeneous sites within the adsorbent and once a metal ion occupies a given site, no further adsorption can occur at that site. It also assumes that all sorption sites are identical and energetically equivalent. A comparison of the adsorption capacities for Pb(II) ions of other low-cost adsorbents is given in Table 4 . The essential characteristics of a Langmuir isotherm can be expressed in terms of a dimensionless separation factor or an equilibrium parameter R L defined as:
(7) Hall et al. (1966) have shown by mathematical calculations that the magnitude of the parameter R L provides a measure of the type of adsorption isotherm obtained as shown in the following table:
In the present work, the values of R L were found to be 0.3448, 0.2084, 0.1493 and 0.1162 for initial Pb(II) ion concentrations of 20, 40, 60 and 80 mg/l. All these values lie in the range 0-1, indicating that the Langmuir isotherm was applicable to the experimental data.
The Freundlich isotherm is another form of approach for adsorption onto an amorphous surface. It assumes that the surface is heterogeneous and that active sites and their energies conform to an exponential distribution. The Freundlich isotherm may be expressed by the equation (Freundlich 1906):
where C e is the equilibrium concentration (mg/l), q e is the amount adsorbed at equilibrium (mg/g), K F is the Freundlich constant and the magnitude of n is a measure of the favourability. Huang et al. (1996) plots of log C e versus log q e (R 2 = 0.9831) obtained when the experimental data were plotted in accordance to the Freundlich isotherm equation indicate that the Freundlich isotherm model also applied in the present studies. The magnitudes of K F and n were calculated from the intercept and slope of the plots and were found to be 6.428 and 1.7138, respectively. Such values of n which lie between 0 and 10 support the favourability towards the adsorption of Pb(II) ions onto Puresorbe. The data were also fitted to the D-R isotherm model (Lin and Juang 2002; Choy et al. 1999 ) to determine the adsorption capacity. The D-R isotherm was derived from potential theories which have been widely used for the calculation of the parameters of the porous structures of adsorbents. Such theories postulated that sorption occurs within an adsorption space close to the adsorbent surface. The D-R equation may be written as: (9) where q e is the amount adsorbed at equilibrium (mg/l), K DR is the maximum amount of Pb(II) ion adsorbed and β is a constant with the dimensions of energy, ε, which can be expressed by the expression:
where ⑀ is the Polanyi potential, R is the gas constant [kJ/(K mol)] and T is the temperature (K). The constant β is related to the mean free energy of sorption per mole of sorbate as it is transferred to the surface of the solid from an infinite distance in the solution. This energy can be computed using the following relationship (Hasany and Chaudhary 1996):
The linear plot of ⑀ 2 versus ln q e (R 2 = 0.8178) obtained in the present work suggested that the adsorption also obeyed the D-R isotherm equation. The values of K DR and β were calculated from the intercept and slope of this plot and were found to be 35.19 mg/g and 1.396 × 10 -6 , respectively. The energy of sorption was 0.5983 kJ/mol. The Temkin isotherm (Tempkin and Pyzhev 1940) is a modification of the Langmuir isotherm which considers the effect of some indirect adsorbate/adsorbate interactions on the adsorption isotherm and suggests that the heat of adsorption would decrease linearly with coverage. The Tempkin isotherm may be expressed as: (12) where B = RT/b. The quantities A and B in this equation are constants with B being the heat of adsorption. The plot of ln C e versus q e (R 2 = 0.9677) for the various initial concentrations of Pb(II) ion studied were linear, thereby suggesting that the adsorption also followed the Tempkin isotherm. The values of A and B calculated from the intercept and slope of the linear plot were 1.0593 and 12.277, respectively. The fits of the various theoretical plots mentioned above to the experimental data are shown in Figure 5 .
Desorption studies
The method of disposal of Pb(II) ion-laden adsorbents involves their incineration and/or diposal in a land-filled site. Both methods may be harmful to the environment. For this reason, regeneration of the adsorbent and recovery of the metal ion was attempted. It was found that the percentage desorption was much higher at a pH value of 2, i.e. 47.14% for an adsorbent saturated with Pb(II) ions adsorbed from an initial aqueous solution concentration of 40 mg/l ( Figure 6 ). Under acidic conditions, H + ions protonate the adsorbent surface which, in turn, repels the approach of positively charged Pb(II) ions, thereby deflecting metal ions from the adsorbent surface and accelerating the desorption of positively charged metal ions (Shekinah et al. 2002) . Whereas the pH value of the solution increased to a value of 6 in the presence of Puresorbe alone, a decrease was recorded when Pb(II) ions were added to the system indicating the release of H + ions in exchange for Pb(II) ions.
Thermodynamic studies
The effects of agitation time and temperature on the adsorption of Pb(II) ions are shown in Figure 7 . As the temperature increased, adsorption of Pb(II) ions from the aqueous solution also increased. This may be attributed to a slight change in the size of the pores (Knocke and Hemphill 1981), to transport against a concentration gradient and/or diffusion across the energy barrier, or to the acceleration of some sorption steps or possibly the creation of some new active sites. According to the van't Hoff equation: 
where ∆S is the entropy change [J/(mol K)], ∆H is the adsorption enthalpy (kJ/mol), ∆G is the Gibbs free energy (kJ/mol), R is the gas constant [J/(mol K)] and T is the temperature (K). The plot of log 10 K ads versus 1/T is given in Figure 8 with the values of ∆S and ∆H (see Table 5 ) being calculated from the slope and intercept of the linear plot depicted. The negative value of ∆G suggests that the adsorption process was spontaneous while the positive value of ∆H could suggest that adsorption in the system studied was endothermic.
The rate constants (first and second order) calculated at the various temperatures employed also showed that the adsorption followed a second-order process (see Table 2 and Figure 9 ).
∆G
RT K ads = − ln log . . 
CONCLUSIONS
The present study has demonstrated that Puresorbe acts as a cost-effective adsorbent for the removal of Pb(II) ions from aqueous solutions. Adsorption increased with increasing contact time and attained an equilibrium value after 30 min. The adsorption of Pb(II) ions onto Puresorbe followed secondorder kinetics. The adsorption capacity of Puresorbe was found to be 55.81 mg Pb(II)/g Puresorbe. The adsorption data were analyzed using the Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and Tempkin isotherms. Regeneration of the adsorbent was only favourable at acidic pH values of 2-3. The adsorbent used in this study was prepared by chemical treatment of coir pith, a waste in the coir industry where superphosphate is employed. Hence, the use of Puresorbe serves the dual purpose of (i) the decontamination of metal-containing wastewaters and (ii) the simultaneous addition of nutrients to the leach. The latter enables the treated waters to be used as a source of nutrients for nutrient-starved soils in India.
Chemical treatment of coir pith using nutrients such as superphosphate provides a cheaper method of adsorbent preparation than the traditional preparation of activated carbon (physical and chemical activation), where expensive chemicals as well as thermal energy are employed. 
